Telomere overhangs are essential for telomere end protection and telomerase extension, but how telomere overhangs are generated is unknown. Leading daughter strands synthesized by conventional semiconservation DNA replication are initially blunt, while lagging daughter strands are shorter by at least the size of the final RNA primer, which is thought to be located at extreme chromosome ends. We developed a variety of new approaches to define the steps in the processing of these overhangs. We show that the final lagging RNA primer is not terminal but is randomly positioned~70-100 nucleotides from the ends and is not removed for more than an hour. This identifies an important intrinsic step in replicative aging. Telomeric termini are processed in two distinct phases. During the early phase, which occupies 1-2 h following replication of the duplex telomeric DNA, several steps occur on both leading and lagging daughters. Leading telomere processing remains incomplete until late S/G2, when the C-terminal nucleotide is specified-referred to as the late phase. These observations suggest the presence of previously unsuspected complexes and signaling events required for the replication of the ends of human chromosomes.
Telomeres are nucleoprotein structures at the ends of linear chromosomes that are essential for preventing chromosomal end-to-end fusions and degradation. Adult human telomeres contain ;5-15 kb of hexameric DNA repeats (59-TTAGGG-39) ending with 39 single-stranded G-rich overhangs ranging in size from ;12 to 300 nucleotides (nt) (Makarov et al. 1997; Wright et al. 1997; Stewart et al. 2003; Zhao et al. 2008; Dai et al. 2010) . In cancer and stem cells, this overhang provides the single-stranded substrate required for telomerase extension. This G overhang can be inserted into homologous double-stranded regions, resulting in a lasso-like telomere loop (t-loop) structure thought to prevent chromosome ends from being recognized as double-stranded breaks (Griffith et al. 1999) .
The mechanism generating these overhangs has been sought for many years. Many DNA damage signaling factors such as ATM, ATR, the MRN complex, and their homologs in other species (Chai et al. 2006b; Goudsouzian et al. 2006; Denchi and de Lange 2007; Deng et al. 2009; Dimitrova and de Lange 2009) ; helicases (Tomita et al. 2004; Bonetti et al. 2009; Li et al. 2009 ); telomere-associated proteins (Garvik et al. 1995; Nugent et al. 1996; Grandin et al. 1997 Grandin et al. , 2001 van Steensel et al. 1998; Churikov et al. 2006; Wu et al. 2006; Song et al. 2008; Ballal et al. 2009; Price et al. 2010) ; and nucleases (Tomita et al. 2003; Tom and Greider 2010; Wu et al. 2010 ) have been found to affect overhang length. However, it is very difficult to interpret the mechanism of action of these factors without knowing the specific steps involved in overhang generation. Some of these factors may affect overhang length by influencing the action of telomerase (Chai et al. 2006b; Zhao et al. 2009 ), while others may affect additional overhang processing steps. Chromatin immunoprecipitation (ChIP) analysis has shown that the association of a variety of proteins at telomeres change at S/G2 in normal diploid cells (Verdun et al. 2005; Verdun and Karlseder 2006) , suggesting that some processing events might occur at S/G2. However, the number, nature, and timing of the steps involved in producing an appropriately sized G-rich 39 overhang following replication of the duplex telomeric DNA in the absence of telomerase remain unknown. How overhang maturation is coupled with duplex telomeric DNA replication also remains undefined. In particular, the differences in the biogenesis of leading versus lagging overhangs have not been characterized. It is generally assumed that the nuclease activity of C-strand resection is tightly associated with the replication machinery and is dependent on the alteration of telomere chromatin during replication fork progression.
The original hypothesis of the end replication problem by Watson (1972) and Olovnikov (1973) ;40 years ago has traditionally been formulated as the inability to copy the 10-14 nt at the end of the chromosome after the final lagging Okazaki fragment RNA primer has been removed. This has led to the model presented in most modern textbooks: The final primer of Okazaki fragment synthesis is positioned at the very end of the chromosome. Short G overhangs have been observed in several organisms; e.g., ;14 nt in ciliates (Klobutcher et al. 1981; Jacob et al. 2001) and ;12-14 nt in Saccharomyces cerevisiae (Larrivee et al. 2004) . This is approximately the size of the RNA primer laid down by polymerase a during lagging strand synthesis Nick McElhinny et al. 2008) . However, it is also possible that this final overhang size of 12-14 nt in S. cerevisiae (Larrivee et al. 2004) may not actually represent the site of the final Okazaki priming event because both leading and lagging strands have a transient >30-nt overhang that is later filled in by an unknown mechanism to generate the final overhang (Wellinger et al. 1992 (Wellinger et al. , 1993 . Although in some organisms it may be possible for the conventional replication machinery to position the final lagging RNA primer at the very terminus, the presence and location of the final RNA primer has not yet been directly demonstrated in any organism.
In the absence of telomerase, the size of the overhangs represents a reduction in the length of C strands. In the absence of damage to telomeres, this determines the rate of telomere shortening and the amount that telomerase would have to extend to compensate and maintain telomere length (Zhao et al. 2009 ). In yeast, the rate of telomere shortening in the absence of telomerase (estimated at 3-5 base pairs [bp] per division) (Marcand et al. 1999) is close to what would be expected based on the observed 12-to 14-nt overhangs (Larrivee et al. 2004 ). Telomerase only adds ;44 nt to ;7% of the ends (Teixeira et al. 2004) , for an average addition that matches the shortening rate. The rate of telomere shortening in cultured telomerase-negative human cells is 50-100 bp per division, which is also close to what would be expected when the average overhang in telomerase-negative cells is ;60-70 nt (;30 nt for the daughters of leading strand semiconservative replication [''leading daughters''] and ;100 nt for the daughters of lagging strand semiconservative replication [''lagging daughters'']) (Zhao et al. 2008) . In human cancer cells, telomerase adds ;60 nt to every chromosome (Zhao et al. 2009 ), again closely matching the shortening rate. There are two alternate mechanisms thought to explain why the length of telomere loss per cell division in human cells is considerably longer than a simple result of the end replication problem upon removal of a terminal RNA primer. The first assumes that the RNA primer is positioned at the very terminal end and that both leading and lagging daughters are processed by nuclease resection on the C strands. An alternative model would be that the initial lagging overhang reflects the position of the final Okazaki RNA priming event as the replication complex runs off its linear template. The removal of the RNA primer could then generate an initial overhang that is almost the size of the fully processed overhang. Meanwhile, the initially blunt leading daughter strands resulting from semiconservative DNA replication would be processed by nucleases or helicases to generate mature overhangs (Sfeir et al. 2005) . Uncovering the steps that regulate the processing of human telomeric overhangs is thus fundamental in understanding the roles of candidate proteins involved and potentially manipulating rates of replicative aging and telomerase action.
In the present study, combinations of modified and newly developed biochemical assays were designed to monitor the dynamics of overhang sizes, RNA primers on lagging daughters, and the C-terminal nucleotides during S phase. We found that lagging daughters had an almost mature overhang size very soon after replication of the duplex telomeric DNA and were capped by a terminal RNA primer for ;1 h following replication prior to its removal, leaving a specified C-terminal nucleotide. In contrast, leading daughters only developed a mature size 1-2 h after duplex telomere replication and did not acquire a specific C-terminal sequence until S/G2. We present a model characterizing overhang processing in two distinct phases to summarize the complex series of steps by which human linear chromosomal ends are replicated.
Results

Mature overhang sizes are present by 2 h after replication
In order to establish the window within which mature overhang sizes were established, we examined the end structure in telomeres labeled for increasing times with 5-bromodeoxyuridine (BrdU). Normal human foreskin fibroblast BJ cells were synchronized at the G1/S interface with an efficiency of 65%-75% (Fig. 1B) and with an S phase of ;6-8 h. Telomeres in BJ cells replicate throughout S phase, but there is a delay of ;2 h before significant numbers of telomeres begin to replicate (Wright et al. 1999) . Cells were first released into S phase in fresh medium for 2 h before treating with pulses of 100 mM BrdU (Fig. 1A) . This procedure maximized the amount of BrdU incorporated into the newly synthesized telomeres during short periods. BrdU was differentially incorporated into daughter telomeres such that two BrdU molecules were incorporated per leading repeat (TTAGGG) versus only one BrdU per complementary lagging repeat (CCCTAA) (Fig. 1A) . Leading and lagging daughter strands synthesized by conventional semiconservation DNA replication were then separated on cesium chloride (CsCl) gradients, where leading daughters banded at a heavier density than lagging daughters, with unreplicated telomeres having the lightest density. Aliquots of the gradient fractions were hybridized with a telomere-specific probe on a slot blot to differentiate leading versus lagging daughters from unreplicated telomeres. Cesium centrifugation of samples labeled for 2, 4, 6, and 8 h showed distinct leading versus lagging peaks, as expected (Fig. 1C) . Cells labeled for one population doubling ([PD] , ;48 h) served as a positive control for fully processed overhang sizes. The additional fourth peak of the highest density observed at 48 h represented cells that had entered the second cell cycle and had incorporated BrdU on both leading and lagging daughter strands (Fig. 1C) . The fractions corresponding to leading versus lagging telomeres were then pooled, purified, and analyzed.
Two independent approaches were used to quantify overhang lengths. Signals from single-stranded overhangs hybridized to a telomere probe under native conditions were normalized to the total telomere signal obtained after the dsDNA was denatured. This native in-gel hybridization approach measures relative changes in overhang abundance. Electrophoresis was stopped after telomeres had penetrated ;1 cm into the gel, so that telomeres of various lengths did not separate significantly according to size but remained as a compact band that concentrated the very low overhang signal into a small area. Alternatively, duplex-specific nuclease (DSN), which digests double-stranded telomere DNA to <10 bp in length with no effect on single-stranded telomere G overhangs, was used for the quantitative determination of overhang sizes as short as 12 nt (Zhao et al. 2008) . Due to the heterogeneity of overhangs, a wide range of sizes were distributed on a denaturing gel.
In control cells labeled with BrdU for one PD, in-gel hybridization showed that lagging overhangs were approximately threefold more intense than leading overhangs after normalizing the overhang signals (obtained from native hybridization) to the total genomic DNA input (obtained from hybridization upon denaturing the gel) (Fig.  1D,F) . Consistently, average leading overhangs were ;30 nt and lagging overhangs were ;100 nt (thus, lagging overhangs were approximately threefold longer than that of leading) using DSN assays on a denaturing polyacrylamide gel (Fig. 1E,F) . In both assays, a 39 / 59 exonuclease (ExoI) was used as a negative control to digest 39 overhangs. These controls were consistent with our previous observations (Chai et al. 2006a; Zhao et al. 2008) . Using the same analyses, we showed that leading and lagging overhangs were processed to nearly mature sizes within 2 h (0-2 h released, 2-4 h BrdU incorporation) (Fig. 1D-F) . The DSN at 2 h was performed on an alkaline agarose gel, in which the decreased resolution makes it visually easier to estimate overhang sizes without formal quantitation. In summary, 2-h-labeled telomeres had almost mature overhang lengths, similar to that of the one-PD control.
Lagging but not leading overhangs have almost mature overhang size immediately following replication
We then determined whether overhangs were processed to mature sizes immediately following semiconservative replication at the earliest time point we could analyze. Only fully replicated telomeres can be resolved into distinct peaks on a CsCl gradient, since partially replicated telomeres have densities ranging from that of unreplicated DNA to midway between the leading and lagging peaks (Supplemental Fig. S1 ). Five-hundred micrograms of genomic DNA from a 1-h BrdU label (0-2 h released, 2-3 h BrdU incorporation) generated only minimal leading and lagging peaks on a CsCl gradient centrifuguation. Leading and lagging peaks from two independent CsCl gradient centrifugations (;1 mg of total genomic DNA) were thus combined and rebanded on a second CsCl gradient to better resolve the replicated leading and lagging daughter strands. In addition, a hypersensitive telomere probe was developed to maximize the sensitivity of overhang signal detection (see the Materials and Methods). In some cases, iododeoxyuridine (IdU), which has a higher density than BrdU, was used to increase resolution (data not shown). Distinct leading and lagging peaks were present within 1 h of BrdU labeling, indicating that some BJ telomeres had been completely replicated within 1 h ( Fig. 2A) . The 1-hlabeled leading and lagging daughters were purified, and overhang lengths were examined.
By in-gel hybridization, 1-h-and 2-h-labeled lagging daughter telomeres had similar overhang signals (0.8 vs. 1.0, normalized signals), indicating that lagging telomeres had almost mature overhang sizes at the earliest time point we could analyze following replication (Fig. 2B ). Using 1-h lagging daughter overhang sizes as a reference point, we examined whether mature leading daughter overhang sizes were observed by 1 h of BrdU labeling. However, the overhang signal from 1-h leading daughters was barely detectable-only an average of ;15-fold less intense than the almost mature 1-h lagging overhangs (Fig. 2C,D) , far less than the roughly threefold difference found in the mature overhangs control ( Fig. 1D-F ). Leading overhangs were thus not processed to almost mature lengths until an additional hour had passed. Thus, while lagging daughter overhangs had close to mature overhang lengths after a 1-h label, it took an additional hour before leading daughters exhibited approximately mature sizes.
The terminal lagging Okazaki RNA primers remain for ;1 h after replication on lagging daughters
We developed two independent assays to determine whether the final primer of Okazaki fragment synthesis was still present immediately following replication of the duplex telomeric DNA or whether nuclease processing had removed the final primer and potentially generated the long overhang on lagging daughters.
l Exonuclease (l exo) assay to monitor lagging terminal RNA primers l Exo is a highly processive 59 / 39 exonuclease that removes 59 mononucleotides from dsDNA. Using model oligonucleotides, we first verified that l exo was able to digest dsDNA but unable to digest RNA in RNA/DNA heteroduplexes. Eighteen-nucleotide DNA or RNA oligos were first 59-end-labeled with 32 P-g ATP and annealed to an excess of complementary 88-nt oligos to generate either dsDNA or heteroduplex substrates with a 39 single-stranded overhang (Fig. 3A) . After l exo digestion, the products were analyzed on a denaturing polyacrylamide gel to detect whether the 18-nt radiolabeled DNA or RNA had been digested. The 18-nt DNA oligonucleotide was entirely digested, confirming the sensitivity of dsDNA to l exo treatment. However, the 18-nt RNA oligonucleotide in the RNA/DNA heteroduplex was resistant to l exo digestion. l Exo was unable to remove even the single 59-labeled ribonucleotide in the DNA/RNA heteroduplex (Fig. 3A) . This assay was then applied to telomeres, where purified lagging daughter strands should be resistant to l exo digestion if the final RNA primer had not been removed.
Semiconservative replication intermediates will have densities on CsCl gradients ranging from slightly more dense than unreplicated DNA at the earliest times Figure 2 . Lagging daughter overhang size is almost mature following replication, but leading daughter overhang size maturation is delayed. (A) The small amount of semiconservative replicated telomeres observed following a 1-h label of BJ fibroblasts was somewhat contaminated by the trailing edge of unreplicated DNA. The lagging + leading fractions from the first CsCl gradient were combined and rebanded on a second CsCl gradient for higher resolution of fully replicated leading and lagging peaks (shaded area). (B) In-gel hybridization comparing relative overhang signals of lagging daughters at 1 h versus 2 h (left) and overhangs of leading versus lagging daughters at 1 h (right). Leading overhangs should be more dense and thus uncontaminated by semiconservative replication intermediates (Supplemental Fig. S1 ), and any contamination should have mature overhangs and contribute an overhang signal. The very faint signal thus cannot be explained by incomplete semiconservative replication. (C) Quantification of (lagging/leading) fold difference after normalizing to total genomic DNA input, comparing 1-h versus 2-h controls from three independent experiments using two-tailed Student's t-test with P < 0.001 (***) (P = 0.0002); 99% confidence level. Error bars represent SEM. (D) Summary of the results of 1-h leading versus lagging from B and C, illustrating that the overhangs of 1-h lagging daughters have an almost mature size but are ;15-fold longer than the overhang sizes of 1-h leading strand daughters, which are still very short.
to half-way between the peaks of lagging and leading daughters just before replication is complete and the daughter strands separate (Supplemental Fig. S1 ). Although HeLa cells and BJ fibroblasts progress through S phase at approximately the same rate (Supplemental Fig. S2 ), the rate of telomere replication is much more rapid in HeLa cells, and fully replicated telomeres are present within 15 min of adding a density label (TT Chow, PG Smiraldo, Y Zhao, S Mak, JW Shay, and WE Wright, in prep.) . The presence of semiconservative replication intermediates could potentially complicate the interpretation of l exo assays due to the presence of the RNA primer on Okazaki fragments near the replication fork. HeLa cells rather than BJ fibroblasts were used for these experiments because after a 1-or 2-h label, the fraction of replication intermediates is too small to affect the interpretation of the results (Supplemental Fig. S3 ).
The C strand of leading daughters terminates in DNA (with no RNA primer immediately following duplex DNA replication) and was used as a positive control for the action of l exo on telomeres. HeLa cell leading daughters labeled for 2, 3, and 4 h (0-2, 0-3, and 0-4 h BrdU incorporation upon release into S phase) showed the expected decrease in size and the expected 50% decrease in intensity of the C strand following l exo digestion (Fig. 3B,D) . However, the C strand of lagging daughters from HeLa cells labeled for 2 or 3 h immediately upon release into S (0-2 h or 0-3 h of BrdU incorporation upon release into S phase) were resistant to digestion. The lagging daughters became sensitive to l exo after 4-h and 10-h labeling periods (0-4 h and 0-10 h of BrdU incorporation upon release into S phase), suggesting that the RNA primer initially protecting the C strands from digestion was removed by 4 h (Fig.  3C,D) . Quantification demonstrated that the 2-and 3-h lagging daughters retained most of the C-strand signal, while the 4-h lagging daughters had an ;50% C-strand signal reduction. Unpaired two-tailed t-test with 99% confidence indicated a significant difference between the combined 2-, 3-, and 4-h leading versus 2-and 3-h lagging signals, with a P-value of <0.0001 (SEM error bars in Fig.  3D ). Meanwhile, 4-h lagging daughters became similar to the control leading daughters with an ;50% C-strand signal (with no significant difference upon t-test analysis) (Fig. 3D ). T7 exonuclease (T7 exo) digestion was used as an additional positive control.
T7 exo is a 59 / 39 exonuclease with low processivity that can degrade both DNA duplexes and RNA/DNA heteroduplexes. The 59 end of both lagging daughters (with Multiple independent experiments were quantified by comparing +/À l exo signal fold differences of lagging and leading strand daughter overhangs at 2, 3, and 4 h using two-tailed Student's t-test. The ''n'' within each bar represents the number of independent experiments. The values for each of the six independent experiments for leading strand daughters were used to calculate the SEM for that group. The six values for lagging strand daughters at 2 and 3 h were used to determine their SEM. P < 0.0001; 99% confidence level. Error bars represent SEM for those time points at which N > 1. (E) Predicted results of T7 exo, which digests 59 mononucleotides of both dsDNA and dsRNA of RNA/RNA hybrids and thus serves as a positive control. Both leading and lagging daughters (even with intact RNA primer) should be sensitive to T7 exo and thus result in increased G-strand signal when hybridized to a C-rich probe under native conditions. Furthermore, after denaturation, a G-rich probe should yield a decreased C-strand signal. (F) As predicted above, 2-h leading and lagging daughter telomeres both show sensitivity to T7 exo.
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Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from intact RNA primers) and leading daughters should be sensitive to T7 exo. 59 End resection of the C strand should produce an increased G-overhang signal (C-probe hybridization). Meanwhile, G-probe hybridization upon denaturation should show the amount of C strands that had survived digestion (Fig. 3E) . HeLa 2-h-labeled lagging and leading daughters both showed increased G-overhang and decreased C-strand signal upon T7 exo treatment (Fig. 3F) , as expected for this positive control. These results indicate that something, presumably an RNA primer, was inhibiting l exo but not T7 exo for ;3 h following the completion of lagging strand replication.
Pull-down assay to monitor lagging terminal RNA primers The identification of RNA as the block to l exo digestion was determined by the ability of RNase HII (an endonuclease that nicks heteroduplexes at multiple sites within the RNA) to release purified lagging C strands following ligation of biotinylated oligonucleotides to their 59 ends (Fig. 4A) . A mixture of six biotinylated telorette oligos (as used for single-telomere length analysis [STELA] in Figs. 5, 6) was ligated to either purified leading (control) or lagging 2-h-labeled HeLa DNA and retrieved using streptavidin-coated magnetic beads. RNase HII should release telomeres anchored to the beads via ligation to RNA but not those in which the telorette oligo is ligated directly to DNA (Fig. 4A) . We first verified that the ligation was telomere-specific and ligase-dependent by ligating purified HeLa leading 4-h-labeled telomeres to either a mixture of the six telorette oligos or biotinylated random oligos (Fig.  4B) . Telomeres retrieved from the streptavidin pull-down were then released using formamide. Only ligation with the telorette oligos yielded a C-strand signal upon release, and the signal was dependent on the inclusion of ligase (Fig. 4B) . The experiment was then repeated using 2-h-labeled HeLa DNA (0-2 h of BrdU label upon release into S phase) and . RNA primers remain on lagging C strands following replication in HeLa: pull-down assay. (A) A mixture of biotinylated C-telorette oligos (gray-shaded squares-Bio) were ligated to either leading or lagging HeLa telomeres and pulled down with streptavidin beads followed by RNase HII treatment. Only ligated products containing RNA should be released by RNase HII. (B) Ligation is required and is specific to the six C-telorette oligos but not the random oligos. (C) Two-hour lagging daughters, but not leading daughters, are released by RNase HII. This establishes the presence of RNA at the C-strand termini of lagging strand daughters. Figure 5 . Leading daughter C-strand-terminal nucleotides are random until S/G2. (A) Individual C telorettes representing the six permutations of the hexameric C-rich repeat were ligated in separate reactions to the same amount of DNA and amplified using a forward Xp/Yp subtelomere-specific primer and a reverse teltail primer. Only the C telorette that annealed adjacent to the last base of the complementary strand would be ligated to the end of the telomere and thus produce a PCR product. Each amplified band represents ligation to an individual telomere. (B) Approach: Synchronized BJ fibroblasts released into S phase for 2 h were labeled for 2, 4, 6, 8, or 48 h. (C) T3 is the sequence that ligates to C strands ending in 39-CCAATC-59. Two-hour leading strands (2 h + 2 h in S phase) initially show randomized ends but become specified for CCAATC-59 (T3) at S/G2. (D) Quantification of C showing a 73% specification for T3 at 10 h (2 + 8). (E) Approach: Synchronized BJ fibroblasts were pulsed for 3 h with BrdU and thymidine-chased for 0, 2, 6, 9 h. (F,G) Threehour BrdU pulse results in randomized ends, as indicated by the PCR products in T1-T6 (28% T3 preference) that become specified at S/G2 (3 + 6 h) with 82% CCAATC-59. released with RNase HII rather than formamide (Fig. 4C) . Leading control telomeres showed no detectable released telomeres, while lagging telomeres were liberated (Fig. 4C) . This confirmed that RNA was still present on telomeric lagging daughters for a significant time following replication of the duplex telomeric DNA.
Leading terminal nucleotide is specified at S/G2
Fully processed overhangs exhibit a specific C-terminal nucleotide (Sfeir et al. 2005) . We then asked when the processing of leading daughter C strands to produce this CCAATC-59-terminal sequence occurred. This timing was monitored using a modified STELA ( Fig. 5A ; Baird et al. 2003; Sfeir et al. 2005) , which involved a ligation step followed by PCR with oligonucleotides (Telorettes 1-6) representing the six possible permutations of the hexameric telomere repeat. Six independent samples (each containing a specific telorette) were first ligated to the C strand of DNA. PCR was then performed using a forward primer located at the Xp/Yp subtelomeric region and a reverse ''teltail'' primer complementary to a unique sequence at the 59 end of the telorettes. Amplified PCR products were hybridized with subtelomeric probe such that each band represented the terminal nucleotide specificity of a single telomere. Quantification of the number of amplified PCR bands by individual telorette (T1-T6) defined the C-terminal nucleotide distribution across S phase. T3 corresponds to the mature specification of the 59 end as 39-CCAATC-59. Two independent experimental designs were applied such that BJ cells were either BrdU-labeled for increasing periods of time starting at 2 h after release into S phase (i.e., 0-2 h of release in fresh medium followed by x h of BrdU incorporation) (Fig. 5B) or BrdU-labeled for 3 h at the time of release into S phase and chased with thymidine for increasing periods of time (i.e., 0-3 h of BrdU incorporation followed by x h of thymidine chase) (Fig. 5E ). Replicated leading daughters were then isolated on CsCl gradients and analyzed. Both protocols indicated that C-strand 59 ends of leading daughters were initially random (PCR products were observed across T1-T6)-although mature overhang sizes have already been generated-and were only processed so that most ended in CCAATC-59 late in S phase or S/G2 (corresponding to the majority of the PCR products resulting from T3 reactions) (Fig.  5C,D,F,G) . These results suggested that there was a delay in C-strand-terminal nucleotide specification between when leading overhang length approached mature sizes and the end of S/G2.
Lagging terminal nucleotide is specified rapidly
In contrast to leading ends, the terminal nucleotides of lagging daughters were specified within 2 h after replication (0-2-h released and 2-4 h of BrdU incorporation). BJ cells were labeled for increasing periods of time starting at 2 h after release into S phase (Fig. 6A) . The sequence CCAATC-59 was predominant even at the earliest times examined, at which the majority of the PCR products were detected with the T3 telorette (Fig. 6B,C) .
Discussion
Telomeres require 39 overhangs for chromosome end protection. The details of how these overhangs are generated in normal human cells are unknown. The results presented here provide important insights implicating several distinguishable steps in telomere end processing that occur in two distinct phases that are summarized in Figure 7 . The early phase lasts several hours following the completion of basic semiconservative replication (the ability to physically separate the daughters of leading and lagging strand synthesis). The late phase occurs at S/G2. Since human telomeres replicate throughout S phase (Ten Hagen et al. 1990; Wright et al. 1999) , there can be many hours intervening between the first and second phases of end processing.
We showed previously that telomerase extended leading strands at the shortest BrdU incorporation time (30-min pulse) that we could measure (Zhao et al. 2009) . Telomerase requires at least 6 nt of single-stranded G-rich overhangs to function (Lai et al. 2001) ; thus, we infer that there is a very rapid processing event that generates an initial overhang. However, we were unable to detect meaningful overhang signals from leading strands in normal diploid cells after a 1-h label. Unless the timing is different in normal versus tumor cells or there is an additional rapid processing event that is specifically present in telomerasepositive tumor cells, this initial overhang must be very short. The nearly mature size of the leading overhang was only detected later, after an additional hour. Eukaryotic Okazaki fragments are ;100-200 nt in length (Sakabe and Okazaki 1966; Okazaki et al. 1968; Blumenthal and Clark 1977; Bielinsky and Gerbi 1999; Burgers 2009; Balakrishnan and Bambara 2011) . If the replication apparatus simply ran off the end of the telomere while the position of the final RNA primer is random, then lagging daughters should have the final RNA priming event occur at approximately half of the average Okazaki fragment size (or 50-100 nt from the end). We observed that the final lagging RNA primer remained intact immediately following replication, with an overhang size of ;80 nt at that time, consistent with the above prediction. This resolves a long-standing question about the mechanism of overhang generation at lagging daughter telomeres that is fundamental to our understanding of telomere shortening. Since the gap produced by removal of the RNA primer only contributes ;10% to the size of the human overhang, the end replication problem in humans should now be revised to state that the conventional replication complex cannot copy the gap between the final RNA priming event and the extreme end of the chromosome. Therefore, the position of the final priming event of replication (rather than processing that degrades the C strand) is an important intrinsic step in the rate of telomere shortening in human cells. Other mechanisms, such as oxidative stress, may also contribute to the rate of shortening.
The first nucleotide incorporated during RNA primer synthesis contains a 59 triphosphate. Neither T7 exonuclease nor T4 ligase should be able to function on an RNA containing a 59 triphosphate (Kerr and Sadowski 1972; Engler and Richardson 1982) , yet both of these enzymes are able to function on the RNA-capped DNA in our assays. We infer that there is a rapid initial processing of the RNA primer after replication that removes at least the triphosphates, followed by a delay of several hours before the rest of the RNA is removed in the early phase.
In telomerase-positive tumor cells, C-strand fill-in of the telomerase-extended G strands is delayed until S/G2 (Zhao et al. 2009 ). Normal diploid cells do not have extended G strands needing fill-in, but they also exhibit processing events during this second phase of replication of the duplex telomeric DNA. The C-rich strand-terminal nucleotides of leading daughter telomeres remain random until S/G2, when CCAATC-59 specification is acquired. In contrast, lagging C strands exhibit specific ends once the RNA primer is removed during the early phase following replication. As leading daughters have DNA while lagging daughters have RNA at their C terminus, it is possible that entirely different mechanisms are used to generate C-strand end specificity on leading versus lagging daughters, reflecting the activation of separate enzymatic complexes. However, if the phenomenon of the presence of a transient overhang independent of telomerase in yeast (Wellinger et al. 1992 (Wellinger et al. , 1993 Dionne and Wellinger 1996) also exists in humans, a transient short resection of the leading daughter C strand could occur at S/G2 and be filled in by the same mechanism that fills in the extended overhangs in telomerase-positive cells. This mechanism presumably requires an RNA primer, possibly produced by polymerase a recruited by the Cst1-Stn1-Ten1 (CST) complex (Price et al. 2010) . In this scenario, leading strands would acquire an RNA primer at their C-strand termini. Since leading daughters acquire an almost mature overhang size within ;1 h of replication, any transient resection and fill-in at S/G2 would thus need to produce minimum net change in overhang size. It is possible that both leading and lagging daughters undergo a transient resection so that the final end specification of both C strands could occur at S/G2 by the same mechanism. The telomeric G strand is always generated by leading strand synthesis and should end in GGTTAG, since 80%-85% of fully processed telomeres have C strands ending in the complementary sequence CCAATC-59 (Sfeir et al. 2005) . However, approximately equal amounts of G ends of the sequences GGTTAG, GGTTA, and GGTT were found in normal diploid cells (Sfeir et al. 2005) . This is consistent with the concept that the replication apparatus often simply runs off and dissociates from the extreme chromosome termini prior to incorporating the final 1 or 2 nt (Sfeir et al. 2005) . The initial result of leading strand synthesis thus probably has a 0-, 1-, or 2-nt 59 overhang due to the difficulty of making fully blunt-ended products (Fig. 7) .
Telomeres present many challenges to replication. It is unknown whether t-loops refold following replication or remain unfolded following replication until the end of S phase. The long delay in processing of both leading and lagging telomeric daughters suggests that telomeres remain in an unfolded state for at least 1-2 h following replication. The mechanism preventing the single-stranded overhang at telomeres from initiating an ATR-mediated DNA damage response during this time may be Pot1-mediated, but that remains to be determined. The repetitive nature of the telomeric repeat and the ability to form G quartets make telomeres sensitive to fork stalling (Hao and Tan 2002; Lipps and Rhodes 2009; Paeschke et al. 2011) , and a variety of proteins are required to allow replication of duplex telomeric DNA to proceed (Crabbe et al. 2004; Sfeir et al. 2009 ). The series of separate steps that we presented here introduce another layer of choreography required to successfully reproduce the structures present prior to replication. This will now allow an analysis of the specific steps affected by different factors that influence overhang structure, and understanding the regulation of these steps may provide the opportunities for manipulation that can be beneficial to both cancer therapy and regenerative medicine.
Materials and methods
Cell culture and cell cycle synchronization BJ foreskin fibroblasts were cultured at 37°C in 5% CO 2 in highglucose DMEM medium (Hyclone) containing 15% Cosmic calf serum (Hyclone). For synchronization, logarithmically growing cells were washed twice with 13 PBS, presynchronized with low serum (high-glucose DMEM with 0.1% fetal bovine serum, 20 mM HEPES) for 48 h, and then fed fresh medium containing 15% fetal bovine serum and 2 mg/mL aphidicolin (A.G. Scientific) for 24 h. Cells were then washed three times with 13 PBS, released into fresh medium for 2 h, and then labeled with 100 mM BrdU. For pulse-chase experiments, cells were washed twice with 13 PBS and chased with 100 mM thymidine.
HeLa cervical carcinoma cells were used for some experiments requiring short labeling times and a large number of cells. HeLa cells were cultured at 37°C in 5% CO 2 in high-glucose DMEM medium with 10% Cosmic calf serum (Hyclone). Exponentially growing HeLa cells were synchronized with 2 mM thymidine (Sigma) for 19 h, washed three times with 13 PBS, and incubated with fresh medium for 9 h. Two millimolar thymidine was added again for 16 h. Cells were washed three times with 13 PBS and released into fresh medium with 100 mM BrdU for 0-10 h.
Genomic DNA isolation
Genomic DNA was purified by Qiagen Blood and Cell Culture Midi kit. Precipitated DNA was washed twice with 70% ethanol and suspended in 10 mM Tris-HCl (pH 8). DNA was dissolved overnight at 37°C.
Generation of telomere probes
Twenty-four-nucleotide probes containing six 32 P-dC or six 32 P-dG were synthesized as described (Herbert et al. 2003) . A hypersensitive C probe was designed to incorporate 13 total radioactive nucleotides (nine 32 P-dC + four 32 P-dA). T3C3+3 (59-TTTCCCTAA) was used instead of T3C3+9 (59-TTTCCCTAACCCTAA) and annealed to GTU4 (59-GGGUUAGGGUUAGGGUUAGGGAAA) for 1 min at 90°C, for 15 min at 20°C, and for 15 min at 17°C. The synthesis reaction (Herbert et al. 2003) was modified as follows: 3.1 mL of 83 Roche buffer M, 1 mL of annealed template oligo (1.7 pmol/mL), 1 mL of dTTP (1.25 mM stock, 50 mM final), 7 mL of 32 P-dCTP (3000 Ci/mmol), 4 mL of 32 P-dATP (3000 Ci/mmol), 7.9 mL of Millipore H 2 O, and 1 mL of Klenow (5 U/mL) were combined in a final volume of 25 mL. After extension for 30 min at 20°C and for 5 min at 95°C (to inactivate Klenow to prevent probe degradation upon uracil deglycosylase [UDG] treatment), the reaction was cooled to room temperature. UDG (0.5 mL; 1 U/mL) was added to degrade the GTU template, incubated for 15 min at 37°C, and then inactivated for 10 min at 95°C. Free isotopes were then removed using an Illustra Microspin G-25 column (GE Healthcare).
CsCl separation of leading and lagging telomeric daughters
CsCl gradient separation was performed as described (Zhao et al. 2011b ) with modifications. In brief, 500 mg of purified genomic DNA was digested with HinfI and RsaI overnight in 250 mL and terminated by the addition of EDTA to 10 mM. DNA was mixed with CsCl solution (density of 1.79 g/mL with 5 mM Tris-HCl at pH 8, 2 mM EDTA) to obtain a final density of ;1.760-1.770 g/mL and added to a polyallomer quick-seal centrifuge tube (Beckman). Samples were centrifuged at 55,000 rpm for 20 h at 25°C using a VTi-80 vertical rotor (Beckman). Fractions of the sample were collected, and aliquots were denatured and hybridized with a telomere-specific probe on a slot blot to identify the fractions that contained telomere DNA. The corresponding densities were obtained by measuring the refractive index. Leading DNA was located at a density of 1.790-1.800 g/mL, lagging DNA was located at a density of 1.760-1.770 g/mL, and unreplicated DNA was located at a density of 1.740-1.750 g/mL. Four to five fractions of each peak were pooled and desalted by agarose dialysis (rocking on a plug of 2% agarose made with 10 mM Tris-HCl at pH 8 in a 50-mL tube for 1 h at room temperature) followed by ethanol precipitation. DNA was then dissolved in 10 mM Tris-HCl (pH 8).
Telomere overhang analysis by in-gel hybridization Five micrograms of purified leading or lagging DNA was briefly run into an 0.8% agarose gel in 13 TAE so that telomeres were not significantly separated by size and remained as a relatively tight band. DNA that had been digested with 10 U of exonuclease I (20 U/mL) (Epicentre Biotechnologies) in a 20-mL reaction for 1 h at 37°C and terminated by adding 0.5 mL of EDTA (0.5 M stock) served as a negative control. The gel was dried, prehybridized (63 SSC, 53 Denhardt's solution, 0.5% [w/v] SDS), and hybridized with C probe for G overhangs under native conditions. Upon obtaining the signal from the native hybridization, the gel was denatured (0.5 M NaOH, 1.5 M NaCl for 1 h), rinsed three times with distilled water, neutralized (0.5 M Tris-HCl at pH 8, 1.5 M NaCl for 30 min), and then hybridized again with the C probe to obtain the denatured signal for total telomere input.
Overhang analysis by DSN assay DSN assay was performed as described (Zhao et al. 2008 (Zhao et al. , 2011a . In brief, 2-5 mg of purified leading versus lagging was digested with 2 U of DSN (Evrogen) for 2 h at 37°C. For negative controls, 10 U of ExoI (Epicentre Biotechnologies) was added to the genomic DNA for 1 h at 37°C prior to DSN digestion. DSN digestion was stopped by adding EDTA to a final concentration of 25 mM. For denaturing polyacrylamide gels, a 1:1 ratio of deionized formamide was added. DNA was then heated for 5 min at 65°C and loaded on a 6% polyacrylamide gel with 8 M urea. The gel was run at 15 V/cm in 0.53 TBE until the bromophenyl blue dye front-migrated two thirds into the length of the gel. DNA was electro-transferred onto a Amersham Hybond-N + membrane (GE Healthcare) with 0.53 TBE. The membrane was air-dried, UVcross-linked, hybridized to a telomere-specific probe as described (Herbert et al. 2003) , and exposed on a PhosphorImager (GE Healthcare). Alkaline agarose gels (1% agarose made with 50 mM NaOH, 1 mM EDTA) were run in 50 mM NaOH and 1 mM EDTA at 4°C with a low voltage (1-2 V/cm) until the dye migrated ;6-8 cm. DNA was capillary-transferred to Amersham Hybond-XL (GE Healthcare) and processed as above. Average overhang sizes were calculated using the formula mean average length = +(Int i )/+(Int i /MW i ), where Int i is the signal intensity, and MW i is the molecular weight of the DNA at position i (Chai et al. 2006a; Zhao et al. 2008 ).
Modified STELA STELA was performed as described (Sfeir et al. 2005 ) with modifications. Ligations were performed using each of the six C-telorette oligos (T1-T6) corresponding to six permutations of the hexameric telomere repeat. Five-hundred nanogram of purified leading or lagging daughters were incubated in a 10-mL reaction (13 T4 ligase buffer, 0.001 mM individual C telorettes, 50 U New England Biolabs T4 ligase) for 20 h at 35°C. Multiple PCR amplifications were performed with 0.5 ng of ligated DNA and 0.5 mM primers (XpYpE2 forward and C-teltail reverse primers) using Abgene Hi-Fidelity PCR Master 23 mix (AB-0792, Thermo Scientific) in a final volume of 25 mL for 28 cycles of 15 sec at 94°C, 30 sec at 65°C, and 15 min at 68°C. Amplified products were resolved on a 0.7% agarose with 13 TAE and capillary-transferred onto Amersham Hybond-N + membrane overnight. Membranes were fixed for 2 h at 80°C, hybridized with a subtelomeric probe generated by PCR amplification with Xp/YpE2 and Xp/YpB2 primers, and 32 P-labeled by random priming. The membrane was then exposed to a PhosphorImager screen.
l Exo assay Two micrograms of purified leading or lagging DNA was digested with 1 mL of l exo (10 U/mL) (Epicenter Biotechnologies) for 1.5 h at 37°C. DNA was run on a 0.8% agarose gel in 13 TAE at 10 V/cm for 40 min, denatured with an alkaline solution containing 0.5 M NaOH and 1.5 M NaCl for 30 min, rinsed three times with distilled water, and dried at room temperature. The gel was then neutralized with 0.5 M Tris-HCl (pH 8) and 1.5 M NaCl for 30 min and hybridized overnight at 42°C with G-telomere probes to detect the C strands.
RNA primer pull-down assay
Prior to CsCl gradient centrifugation, genomic DNA was digested with RsaI and HaeIII, generating only blunt ends to minimize background. Two micrograms of purified leading or lagging DNA was ligated overnight at 16°C to a 0.5 mM (final concentration) mixture of the six telorette oligos (Sfeir et al. 2005 ) that were biotinylated. DNA was pulled down using Dynabeads kilobase-BINDER kit (Invitrogen) overnight at room temperature. DNA was released by 7.5 U of RNase HII (New England Biolabs) for 2 h. Control DNA was released using 95% formamide and 10 mM EDTA (pH 8.2) for 10 min at 90°C.
